Succinic dehydrogenase-cytochrom e system , even in th e cell-free colloidal prep aratio n , behaves like a tru e resp irato ry system of th e cell, showing the high cataly tic a c tiv ity an d being affected b y all th e inhibitors in th e sam e w ay an d to th e sam e degree as th e respiration of in ta c t cells. The efficiency of th is system depends n o t only on th e in teg rity of all its com ponents b u t also on th a t of th e colloidal stru c tu re w hich su p p o rts th em an d assures th eir m u tu al accessibility. T he p ap er deals w ith th e properties of each of th e com ponents of th e system an d w ith th e m echanism of th eir in terreact ions.
I. I ntroduction
In this paper we propose to examine the properties of the intracellular system catalysing the aerobic oxidation of succinic acid. The best material for this study is the heart muscle preparation obtained by a method previ ously described (Keilin and H artree 1938) . This preparation consists of a colloidal suspension of protein particles free from fat, haemoglobin and most of the myosin. I t contains the complete cytochrome system, succinic dehydrogenase, fumarase, catalase, flavoprotein compounds and small concentrations of malic, lactic and other dehydrogenases. This preparation, being completely devoid of substrates and of coenzymes, has no oxygen uptake and anaerobically reduces neither cytochrome nor methylene blue. On addition of succinic acid, cytochrome becomes rapidly reduced and in presence of air the preparation now shows a rapid oxygen uptake. In this preparation succinic acid, activated by succinic dehydrogenase, is oxidized aerobically by means of the cytochrome system which can be seen to under go rapid oxidations and reductions.
The system catalysing the aerobic oxidation of succinic acid is of special interest as it represents so far the only known complex intracellular oxida tion system which in a cell-free preparation behaves exactly as the natural respiratory system of the cell. In fact, this system shows a very great catalytic activity (Q0i > 500) without addition of artificial non-biolog Succinic dehydrogenase-cytochrome system of cells Vol. 129. B . (24 O cto b er 1940) [ 277 ] 1 9 carriers or fixatives. I t has a great affinity for its substrate (succinic acid) and its activity is affected by all inhibitors in the same way and to the same degree as the normal respiration of intact cells. Moreover, the activity of this system depends not only on the properties of its individual com ponents but also on those of the colloidal protein particles to which they are more or less intim ately bound. I t is conceivable th a t each of the col loidal particles acts as a support for the complete system and thus assures the m utual accessibility of its components.
Of all the components of the system involved in the oxidation of succinic acid, so far only cytochrome c has been extracted in a pure state. This does not mean th a t c is less intim ately bound to the colloidal particles than are the other components of the system, but, being very stable, it can withstand all the treatm ent necessary for its isolation and purification. The other components of the system, being very labile, have as yet not been isolated in an unmodified and active state and their properties can therefore be studied only in an intact preparation containing several other catalytic systems.
I t is im portant to note th a t in higher organisms a typical and well developed cytochrome system with its characteristic absorption spectrum is found mainly in skeletal muscles, in heart muscles and in the grey m atter of the brain. In cells of most other tissues such as kidney, liver, pancreas, etc., cytochrome is somewhat modified. Spectroscopically the band is comparatively feeble and the bands b and c are replaced by a broad band bv The properties of this modified cytochrome will be examined in the chapter dealing with the activity of the complete system in kidney preparations (p. 283).
II. P roperties of cytochrome c
Cytochrome c used in this investigation was prepared by the method previously described (Keilin and H artree 1937) . Of its properties we enumerate here only those which have a direct bearing on our problem:
(1) W ithin the physiological range of pH reduced cytochrome c is not autoxidizable and does not combine with CO.
(2) I t becomes autoxidizable a t pH below 4 or above 12 and at about 13 combines reversibly with CO.
(3) Biologically cytochrome c is oxidized by cytochrome oxidase and can be reduced by the succinic dehydrogenase system and by a variety of substances such as cysteine, ascorbic acid, p-phenylenediamine and hydroquinone which do not require specific activation.
(4) Although cytochrome c is a conjugated protein it shows a remarkable thermostability. On boiling a solution of c its colour turns from red to brown and the bands of parahaem atin disappear; on cooling, the colour, the absorption spectrum and all other properties return to the original state.
(5) Cytochrome c withstands prolonged treatm ent with strong acids which modify its parahaem atin absorption spectrum to th a t of acid haematin. A solution of c kept for 18 hr. in 0-3 n HC1 reverts after neutrali zation and dialysis to its normal colour, absorption spectrum, behaviour towards 0 2 and CO and catalytic properties.
(6) I t also resists treatm ent with alkali. A solution of c treated with 0-1 n KOH for 18 hr. at 20° C. is not completely modified. On neutraliza tion at least 50% of the compound recovers its original properties. How ever, on treating cytochrome c in a similar way with n KOH, the pigment after neutralization and dialysis does not revert to its original state. Although it still shows an absorption spectrum of the cytochrome c type, its bands are slightly shifted towards the red end of the spectrum. Cyto chrome c thus obtained is completely autoxidizable and forms with CO a light-sensitive compound. This compound will be referred to in this paper as autoxidizable c.
III. A ttempts at reconstruction of the complete system
Attempts to split the succinic-cytochrome system into its components in order to reconstruct from them the complete system have so far failed. The claims by some workers of having isolated from cells or tissues com ponents other than c, or of having successfully reconstructed the complete system are not supported by proper experimental evidence and cannot therefore be accepted. This can be clearly seen from a brief examination of the following three examples of such claims:
(A) I t was stated by Euler and Hellstrom (1939) th a t tissue preparations can be separated into several fractions such as (1) succinic dehydrogenase, (2) cytochrome c, (3) cytochrome b ,( 4) cytochrome a + b a oxidase from which the complete succinic dehydrogenase-cytochrome system can be reconstructed. Careful examination of their manometric results shows, however, th a t the first, fourth and fifth fractions already contain a more or less complete system. It is, moreover, surprising th a t the activity of the mixture devoid of the fractions containing the component a and cytochrome oxidase instead of being completely inactive is only 30 % below the activity of the complete system.
(B) By ultracentrifuging a heart muscle preparation obtained by our method, Stern and Melnick (1939) claim to have separated it into two aerobically inactive fractions which on recombination form a complete system catalysing the aerobic oxidation of succinic acid. This result is difficult to reconcile with the fact th a t the colloidal preparation of heart muscle can be washed several times in buffer solutions of pH up to 8 in an ordinary rapid centrifuge (13,000 r.p.m.) w ithout great loss of activity. Yet according to these workers such washing should completely inactivate the sediment as the supernatant fluid obtained under these conditions should contain the whole of the fraction which has failed to sediment in their experiments.
(C) The claim by Altschul, Abrams and Hogness (1939) to have isolated from bakers' yeast a soluble cytochrome oxidase cannot be accepted for several reasons:
(1 a) The activity of their 'enzym e' preparation expressed in terms of Qq2 is only 152 a t 25° C which is extremely low compared with the re spiratory activity of intact yeast cells which a t 20° have -100. We know, on the other hand, th a t the activity of cytochrome oxidase even in yeast cells is far from being the limiting factor in their respiration. More over, the Qq2 of cytochrome oxidase in our heart muscle preparation may be as high as 1400 a t 39° C although in addition to cytochrome oxidase the preparation contains all the components of cytochrome, succinic dehydro genase, catalase, fumarase, small concentrations of other enzymes, a certain amount of myosin and other proteins.
(b) Their enzyme preparation is strongly inhibited by catalase while the cytochrome system in yeast and especially in muscle preparations is not affected even by a very great excess of catalase.
(c) Their enzyme does not seem to be affected by alcohol which rapidly destroys cytochrome oxidase in yeast and muscle preparations.
I t is, however, impossible to discuss the nature and function of their enzyme preparation until its activity is tested manometrically in a system composed of the enzyme, cytochrome c and a substance such as p-phenylenediamine, its absorption spectrum is determined and the metal (if any) in its active group is identified. I t was shown previously th a t oxidized soluble c added to the enzyme preparation containing succinic acid undergoes immediate reduction (Keilin 1929) which indicates th a t soluble c can act as a carrier between succinic dehydrogenase and cytochrome oxidase.
I t was also shown th a t the addition of a very small amount of soluble c to the enzyme preparation greatly increases its catalytic activity towards such substances as cysteine (Keilin 1930), succinic acid (Ogston and Green 1935) , p-phenylenediamine, ascorbic acid, hydroquinone and adrenaline (Keilin and Hartree 1938) . The increase in the catalytic activity of the enzyme preparation on addition of c indicates that either the c present in the preparation does not exhibit its full activity or that the preparation is more or less deficient in this component. In fact both these conditions may be responsible for the low catalytic activity of some enzyme preparations which will now be described. Considering that cytochrome c is a very stable compound it is unlikely that it can be affected in any way by the simple manipulations of prepara tion of the enzyme.
The comparatively low activity of c in some preparations can be ascribed only to its fixed position in the protein aggregates and to its lack of accessi bility to the other components of the system. This is strongly supported by the fact that the activity of a preparation can be greatly reduced by a treatment which does not affect the properties of c and yet can be re stored by the addition of soluble c. The best example of such treatment is repeated freezing of the preparation in liquid air. For this purpose a fresh preparation of pig heart muscle obtained in the usual way is three times frozen in liquid air followed by thawing at room temperature. After this treatment the preparation seems only to be more aggregated while the absorption spectrum of cytochrome is unchanged.
The effect of this treatment on the rate of oxidation of p-phenylenediamine and of succinic acid with and without addition of cytochrome c is shown in table 1. These experiments clearly demonstrate th a t freezing and thawing strongly inhibits the catalytic activity of the heart muscle preparation and th a t this inhibition is almost completely abolished by the addition of a small amount of c. In other preparations treated by freezing, the ratio between the rates of oxidation of succinic acid in presence and in absence of c has reached even higher values as shown in table 2 and figure 1.
All m anom etric experim ents described in th is p ap er were carried o u t a t 39° C and p The fact that freezing does not affect any components of the succinic dehydrogenase-cytochrome system suggests that its effect is caused only by a diminution in the mutual accessibility of these components. These experiments also indicate that the great efficiency of catalytic systems within living intact cells is due to a high structural organization of cells responsible for the proper spatial distribution and the most favourable molecular orientation of all components of the system. That the tissue from the cortical layer of pig kidney is deficient in cyto chrome c is shown by the fact th a t the oxidation of succinic acid by un washed minced tissue or after grinding the tissue with sand is distinctly in creased by the addition of soluble c (table 3). The effect is, however, more marked in a kidney preparation obtained as follows:
The cortical layer of one p ig 's kidney is passed th ro u g h a L atapie m incer, stirred for ab o u t 10 m in. in 1 1. w ater an d pressed o u t th ro u g h m uslin. The rem aining pulp is stirred w ith a fu rth e r 1 1. w ater an d pressed out. The com bined fluids are c e n tri fuged, th e p recip itate discarded w hile th e cloudy reddish fluid is tre a te d w ith th e m inim um of acetic acid to cause p recip itatio n (pH 5-5). The p recipitate is centrifuged off, w ashed w ith 0-02 m K H 2P 0 4 an d suspended in an equal volum e of 0-1 m phosphate buffer p H 7-3. This preparation always contains traces of oxyhaemoglobin. On reduc tion with Na2S20 4 it shows a very narrow absorption band a at about 602 m y and a wide, dark and asymmetrical band bx at about 555m This wide band seems to be composed of two very narrow bands of unequal intensity united by a dark shading. The geminated structure of this band can be clearly seen in a preparation cooled to the temperature of liquid air. Under this condition the bands a and bx are greatly intensified and bx is split into two bands: a stronger band at about 558m and a feeble band at 551 m/i. I t is, however, impossible to say whether these two bands represent the two absorption maxima of one compound or belong to two distinct compounds. The band at 551 m/^ does not belong to c which is apparently missing in this preparation. In fact the a-band of cytochrome c at the tem perature of liquid air is shifted from 549-5 to about 547m
On addition of succinic acid to kidney preparation the oxidized com ponents of its cytochrome are reduced very slowly. If, however, a small amount of c is added it becomes rapidly reduced and this reduction is accompanied by th a t of a and of bv Spectroscopic study shows, therefore, th a t the succinic system which is very inactive in this preparation can be brought into activity by the addition of cytochrome c. These observations are confirmed by manometric experiments summarized in figure 2 and table 3.
+ 3 U C C e n z m in u t e s F ig u r e 2. E x p erim en t sim ilar to th a t show n in figure 1 except th a t enzym e p rep ara tio n w as o b tain ed from th e cortical layer o f kidney.
The comparatively slow oxidation of succinic acid and of p-phenylenediamine by minced unwashed kidney tissue without addition of c can be explained in two w ays: either the tissue contains a small amount of c which is easily removed by washing, or component bx in these reactions replaces c but is not as efficient as c.
The comparative study of preparations obtained from heart muscle and from kidney shows th a t the maximum activities of the cytochrome system expressed in terms of Q0t> for p-phenylenediamine in presence of an excess of c is proportional to the intensities of the band a in these two preparations.
VI. A ctivity or 'turn over n u m b e r ' of cytochrome c
The real catalytic activity of cytochrome c can be easily determined by adjusting the concentrations of enzyme and of c so as to attain a maximum increase in the oxygen uptake with the minimum amount of c added. The results of such experiments show th a t the addition of 2-15 x 10~9 g. atom Fe of c (which is equivalent to 0-012 cu.mm. 0 2) to a heart muscle prepara tion containing succinic acid increases the oxygen uptake of the system during the first 10 min. by 170 cu. mm. The turnover number for cytochrome c, which is the ratio of the 0 2 uptake per minute to the 0 2 equivalent of cytochrome c added, is therefore about 1420. This is obviously a very high value considering th a t the activity of cytochrome c in this experiment was estimated on a reconstructed system composed of several components, the mutual accessibility of which could hardly be as efficient as in living cells. I t represents, moreover, about one-third of the estimated value (3850) for the turnover of cytochrome c in living yeast cells. The turnover in yeast was determined in the following wra y :
A suspension of bakers' yeast was prepared containing 118 mg. dry weight per c.c. A sample of this suspension was heated to 80° C for 20 min., which destroys all the components of cytochrome except c. On reduction, this suspension shows only the absorption bands of c which clearly stand out owing to the absence of other bands. The intensity of the a-band of c in the yeast suspension was matched spectroscopically with th a t of a standard solution of pure c and was found to contain 1-83 x 10-8 g. atom of Fe of c per c.c. (which is equivalent to 0-102 cu. mm. 0 2). As the Q0i of this suspension at 38° C was 200, the oxygen uptake of lc.c. of this suspension per min. will b e -----and the turnover of = -------------= 3850. oO 60x0-102 I t may be interesting to note th a t 1 mg. of dry weight of yeast contains 2-6/ig. of cytochrome c, i.e. 0-26%. The Q0i of cytochrome c during the active respiration of yeast is therefore about 80,000.
VII. Catalytic properties of autoxidizable and NON-AUTOXIDIZABLE CYTOCHROME C I t was shown above (p. 279) th at a prolonged treatm ent with strong alkali irreversibly modifies cytochrome c which becomes autoxidizable and combines with CO. I t is interesting to examine to what extent this tre a t ment affects its catalytic properties. For this purpose the activities of the modified c and of unmodified c were tested manometrically in the systems oxidizing p-phenylenedi amine and succinic acid.
The experiments recorded in table 4 and figures 3 and 4 clearly demon strate th a t when cytochrome c becomes autoxidizable and capable of combining with CO it loses completely its catalytic properties. This is mainly due to the fact th a t neither the succinic system nor p-phenylenediamine can reduce it with sufficient velocity. More co n cen trated enzym e p re p a ra tio n w as used for oxidation of succinic acid (as in ta b le 1). E n z., enzym e p re p a ra tio n tre a te d w ith liquid air as previously described.
The non-autoxidizability of cytochrome c is therefore a property inti mately connected with its catalytic activity and in this respect cytochrome c resembles other intracellular catalysts such as coenzymes and the bio logically active flavoproteins.
VIII. R elative activities of succinic dehydrogenase AND CYTOCHROME SYSTEMS
The system oxidizing succinic acid as we have seen previously is com posed of two distinct portions, the activities of which can be determined independently; The activity of succinic dehydrogenase can be determined independently of the cytochrome system either anaerobically from the rate of reduction m i n u te s of methylene blue (M.B.) or aerobically from the rate of oxygen uptake in presence of M.B. and cyanide which inactivates the cytochrome system.
The activity of the cytochrome system can be determined from the rate of oxidation of ^-phenylenediamine or other substances not requiring activation by dehydrogenases. In all tests where the cytochrome system is involved it is essential to supplement the system with an excess of soluble cytochrome c.
The activities of the two portions of the succinic dehydrogenasecytochrome system tested separately and in a complete system are shown in table 5. This experiment shows th a t the activity of cytochrome when tested with p-phenylenediamine (1) is about double its activity when tested in a complete system with succinic acid (3). This indicates th a t the activity of the cytochrome system in our preparation is about twice as high as that of the succinic dehydrogenase system. From this experiment we can see also th a t the oxidation of succinic acid by the cytochrome system (3) is much more efficient than by methylene blue (5) (figure 1). This is, moreover, confirmed by the study of kidney preparations (figure 2). Other experb ments have revealed th a t while the turnover of cytochrome c in the system oxidizing succinic acid may be as high as 1400 the turnover of methylene blue is only 2-3 under optimum conditions. IX . E ffect of d iffe r en t factors on succinic dehydrogenase AND ON THE CYTOCHROME SYSTEM
(1) Effect of KCN, H2S and NaN3
These substances in small concentration inhibit reversibly the activity of cytochrome oxidase (Keilin 1929). They inhibit the aerobic oxidation of succinic acid and of substances not requiring activation, such as ^>-phenylenediamine, while they have no effect on the oxidation of succinic acid by methylene blue. These three inhibitors, as was recently shown (Keilin and Hartree 1939), combine reversibly with the component az which was identified with cytochrome oxidase. While these inhibitors stabilize the component a3 in the trivalent state they inhibit the oxidation of the com ponents a, b and c.
(2) Effect of narcotics Narcotics, as shown in table 6, have a much stronger inhibitory effect on the oxidation of succinic acid by the cytochrome system than by methylene blue. Their effect is still less marked on the oxidation of p-plienylenediamine which does not require activation by a specific dehydrogenase. I t is im portant to remember th a t while narcotics inhibit the reduction of the component %, a and c they inhibit on the contrary the oxidation of b.
This indicates th a t narcotics affect the accessibility of b to the rest of the cytochrome system and th a t this component while essential to the oxida tion of succinic acid does not play an im portant part in the oxidation of substances not requiring activation by dehydrogenases. On spectroscopic examination in presence of Na2S20 4 this preparation shows the bands b and c of cytochrome almost fused and band a shifted from its usual position (603m/t) to 583m/t. Moreover, components a and b are now autoxidizable and combine with CO.
On addition of succinic acid this preparation reduces neither its own nor added cytochrome c.
The catalytic activity of such preparations was tested manometrically in the usual way and the results of these tests are given in table 7 .
These experiments clearly demonstrate th a t the treatm ent with alcohol completely abolishes the catalytic activity of the cytochrome system by modifying irreversibly the components a and 6. I t also reduces the activity of the dehydrogenase system by about two-thirds, the remaining activity being still fairly high (e.g. about Q0^ = 100). I t is im portant to note th a t the alcohol treated preparations, even in presence of succinic acid, will not reduce cytochrome c. To this category of preparations belongs also the enzyme preparation obtained by Hopkins, Lutwak-M ann and Morgan (1939) from heart muscle minced, washed w ith lithium chloride, extracted with bile salt, precipitated and washed with alcohol, suspended in urea, dialysed and resuspended in buffer solution. Although this treatm ent destroys completely the labile components of cytochrome and the preparation does not reduce cyto chrome c in presence of succinic acid it is still capable of oxidizing succinic acid through methylene blue. The
Qq^of this oxida about 12 owing to destruction of the main portion of the succinic dehydro genase itself.
(4) Effect of treatment with acid
A sample of heart muscle preparation is acidified with n acetic acid to pH 5-0 and after 1 hr. a t room tem perature neutralized with ammonia to pH 7-3. The catalytic activity of this preparation (table 8) shows th a t this treatm ent hardly affects the cytochrome system involved in the oxidation of p-phenylenediamine but abolishes almost completely the oxidation of succinic acid in the presence of an excess of cytochrome c. On the other hand, the preparation is still able to oxidize succinic acid in the presence of methylene blue. Spectroscopic examination of this preparation treated with Na2S20 4 shows a normal absorption spectrum of reduced cytochrome with only a slight shading between the bands b and c. On shaking the reduced prepara tion with air the components a and c undergo oxidation while b remains reduced. This preparation, in the presence of succinic acid, reduces neither the cytochrome c which it contains nor added c.
(5) Effect of treatment with pancreatin A heart muscle preparation treated for 16 hr. at 17° C with 0-5% pancreatin a t pH 8-6 and tested in the usual way gave the results shown in table 9. Here again, although the cytochrome system still remains very active, the preparation is unable to oxidize succinic acid in presence of c but oxidizes it well in presence of methylene blue.
Spectroscopic study of this preparation reveals the same properties as in preparations treated with acid, namely, th a t (1) the oxidation of com ponent b is very slow and (2) the preparation has lost its property of reducing cytochrome c in presence of succinic acid.
(6) Effect of treatment alkali (pH 9)
An enzyme preparation kept one hour a t pH 9 and neutralized to pH 7-3 shows a marked change in its properties. The activity of the cytochrome system is reduced by about 30% while the activity of succinic dehydro genase is almost completely abolished (table 10) . This preparation, even in presence of succinic acid, does not reduce cytochrome although no apparent change can be noticed in its absorption spectrum.
The inhibitory effect is much less marked when the preparation is brought to pH 9 in presence of succinic acid. As shown in table 11 succinic acid and to some extent, anaerobic conditions and pyrophosphate protect the succinic dehydrogenase from destruction by this treatm ent. The pyro phosphate was removed by dialysis before testing.
These experiments suggest that the destruction of succinic dehydro genase at pH 9 may be due to the oxidation of some groupings the integrity of which is essential for normal enzyme activity. That these groupings probably act as links uniting the enzyme to its substrate is shown by the strong protection exerted by succinic acid and the smaller protection by pyrophosphate (a specific inhibitor of the dehydrogenase) against the destructive effect of alkali (see also p. 295). Table 11 cu. m m . 0 2 u p ta k e in % 20 m in.
activ ity Pig h e a rt E nz. 
X . Mechanism of interaction betw een the succinic DEHYDROGENASE AND CYTOCHROME SYSTEMS
The experiments related in the previous section clearly show th at ac cording to the method of treatm ent of tissue suspensions several enzyme preparations can be obtained exhibiting marked differences in their properties. These enzyme preparations can be classified in the following way:
(1) Preparations which oxidize succinic acid aerobically in presence of c and anaerobically in presence of methylene blue. These preparations invariably reduce cytochrome c in presence of succinic acid and by means of c oxidize p-phenylenediamine. In other words they show the succinic dehydrogenase and cytochrome systems intact and properly linked. All these properties are found in our usual heart muscle preparation.
(2) Preparations which do not oxidize succinic acid aerobically even in presence of c but oxidize it anaerobically in presence of methylene blue. To this category belong three different kinds of preparations nam ely:
(а) Preparations obtained by treatm ent with specific inhibitors (KCN, H 2S, NaN3) ; they reduce cytochrome c in presence of succinic acid but are unable to oxidize reduced c, and do not oxidize p-phenylenediamine. The action of these substances is perfectly reversible.
(б) Preparations obtained by treatm ent with acids or pancreatin; they do not reduce c in presence of succinate but are capable of oxidizing reduced c and also p-phenylenediamine in presence of c.
(c) Preparations obtained by treatm ent with alcohol; they are incapable of either reducing c in presence of succinate or oxidizing reduced c. Their cytochrome system is irreversibly modified and naturally they do not oxidize p -phenylenediamine. To this group belongs also the preparation obtained by Hopkins, Lutwak-Mann and Morgan (1939).
(3) Preparations which do not oxidize succinic acid in presence of either c or methylene blue but oxidize p-phenylenediamine in presence of c. This result can be obtained by raising the pH of the preparation to pH 9-0 and neutralizing it after 1 hr. to pH 7-3.
Of the preparations discussed above those which are treated with acid or pancreatin are of special interest. In presence of c they oxidize p-phenylenediamine but not succinic acid, which is, however, oxidized through methylene blue, and in presence of succinic acid they do not reduce cytochrome c. Although both portions of the system, cytochrome oxidase and succinic dehydrogenase are present in these preparations they do not inter-react to form a complete system catalysing the aerobic oxidation of succinic acid. A similar preparation composed of both portions of the system and yet in capable of catalysing the aerobic oxidation of succinic acid can be also obtained by mixing the alcohol-treated and the alkaline-treated prepara tions containing respectively the succinic dehydrogenase and the cyto chrome systems.
The fact th a t preparations can be obtained in which the succinic system does not reduce c although it reduces methylene blue indicates th at either the reduction of c takes place through an intermediary link destroyed in these preparations, or th a t the succinic system is accessible to methylene blue but not to c.
If there is a substance acting as a link between the succinic system and c Vol. 129. B. 20 it must be more fragile than a and a3 of cytochrome. Such a link may be cytochrome b itself which is very labile and is always affected in some way in preparations not reacting with c. This does not exclude, however, the possibility of the existence of yet another labile link which may be either a haematin or a flavin compound. In fact, the intense absorption band which appears between b and c on treating the preparation with pyridine and reducer belongs probably to a pyridine haemochromogen of b mixed with th a t of another haem atin compound the absorption spectrum of which is invisible in an untreated preparation. On the other hand, the tissue preparations show also two absorption bands (495 and 455m ja)of a flavoprotein compound which succinic acid fade simultaneously with the appearance of the bands of re duced cytochrome (Keilin and H artree 1939) . The disappearance of these bands may be either an apparent one and due to changes in the background during the reduction of cytochrome or it may be real and due to the reduc tion of the flavoprotein itself. In the latter case the flavoprotein would act as one of the components of the system oxidizing succinic acid and be longing either to succinic dehydrogenase itself or to one of the links uniting it with the cytochrome system.
The fact th a t the succinic system in some preparations does not react with cytochrome while it still reacts with methylene blue can be also ex plained without postulating the necessary loss or destruction of one of the components of the system. I t may be due to an irreversible change in the colloidal structure of the preparation accompanied by a loss of accessibility of the succinic system to c which is a non-diffusible protein while it remains still accessible to small and diffusible molecules of methylene blue. I t is of interest to note in this connexion th a t while a crude lactic dehydrogenase of yeast oxidizes lactic acid through cytochrome and cytochrome oxidase a partially purified one will do so in presence of M.B. but not in presence of c and a strong cytochrome oxidase (Dixon and Zerfas 1939) .
We can say in conclusion th a t so far there is no definite evidence sup porting either of these possibilities and this interesting problem may be considered ias still open for investigation.
X I. E ffect of certain inhibitors on the oxidation OF SUCCINIC acid by tissue preparations (1) Summary of previous results
We shall examine now the effect of some substances which reversibly inhibit the oxidation of succinic acid in presence of either the cytochrome system or methylene blue. Thus, the inhibitory effects of many substances including copper, fluoride and iodide have been demonstrated by Quastel and Wooldridge (1927) . They have shown also that succinic dehydrogenase is strongly inhibited by some organic acids such as malonic acid which acts as a competitive inhibitor (1928) . Their study has been extended by other workers and it was found, for instance, that oxalacetic acid even in a minute concentration (10-4 m ) acts as a powerful inhibitor of this enzyme (Das 1937) . The inhibitory effect of pyrophosphate was discovered by Dixon and Elliott (1929) and more recently studied by Leloir and Dixon (1937) who assigned it to the category of competitive inhibitors. Finally, it was shown recently by Hopkins and Morgan (1938) that succinic de hydrogenase is poisoned also by incubation with -S-S-compounds such as oxidized glutathione. They ascribe this inhibition to the oxidation of -SH groups of the enzyme the integrity of which seems to be essential for the normal catalytic activity of the enzyme. These results have been confirmed and extended by Hopkins, Morgan and Lutwak-Mann (1938) .
On repeating some of these experiments we have found that all the substances such as metals, fluoride, malonate and pyrophosphate which inhibit the activity of succinic dehydrogenase inhibit also the reduction of cytochrome in presence of succinic acid.
To the above-mentioned inhibitors of the succinic dehydrogenase system of muscle we are able to add several other inhibitors which deserve special consideration, and which we propose to examine separately.
(2)
Effect of tetraethyldithiocarbamyldisulphide (T.D.D.) and analogous compounds The study of these inhibitors originated from experiments dealing with the effect of sodium diethyldithiocarbamate (D.D.C.) (C2H5)2NCSSNa on the aerobic oxidation of succinic acid by the muscle preparation. This reagent which is used for the detection and estimation of copper is a strong inhibitor of polyphenol oxidase.
The addition of this compound in very small concentration such as 3 x 10~2 * 4 m almost completely abolishes the aerobic oxidation of succinic acid by the complete system in presence of an excess of cytochrome c (figure 5).
The fact that this reagent has no effect on the cytochrome system suggests at first thought the possibility that it may combine with the dehydrogenase thus revealing the presence of catalytically active copper. This suggestion was, however, completely disproved by further study of the mechanism of this inhibition. The mere examination of the curves in 20-2 figure 5 shows th a t the inhibition does not set in a t once but develops during the first 10 min. and then becomes complete. Moreover, the facts th a t the inhibition takes place only in presence of an excess of cytochrome c and th a t the reagent has the property of reducing this component suggest th a t D.D.C. undergoes oxidation to a compound which acts as an inhibitor of the succinic dehydrogenase. This suggestion was amply confirmed by further experiments. We have found th a t heart muscle preparation in presence of cytochrome c rapidly oxidizes the reagent as shown in figure 6 minutes showing th a t 4-3 x 10~6 and 1-9 x 10~5 m of this reagent inhibit under these conditions the activity of succinic dehydrogenase by 70 and 100% respectively. The same degree of inhibition is obtained even if methylene blue is added to the oxidizing system. On the other hand, the oxidation of p-phenylenediamine in presence of this reagent is if anything slightly accelerated.
These results have been confirmed by using instead of the dithiocarbamate its oxidation product in a comparatively pure state.* While a 10~4m solution of this substance (T.D.D.) produces an almost complete inhibition of the dehydrogenase without previous incubation, a concentration of 10~5 m under the same conditions has no immediate effect although after 20 min. incubation with the enzyme in the absence of substrate the activity is inhibited by 95%. This experiment clearly demonstrates th a t very small concentrations of T.D.D. inhibit the enzyme only after a certain period of incubation. The inhibitory effect so produced is almost irreversible. The enzyme does not recover its activity even after a thorough washing with and without reprecipitation. The activity is not recovered after treatm ent with H 2S, KCN or N a2S20 4. Only 2 hr. incubation of inhibited enzyme preparation with 0T-0-5 m glutathione produces partial recovery of its activity. On the other hand 0-05 m glutathione added before the inhibitor completely protects the enzyme from inhibition by small concentrations of T.D.D. Similar and even more marked protection against this inhibition can be obtained by the addition of a small amount of boiled heart muscle preparation.
I t is im portant to note th a t the alcohol treated enzyme preparations which have lost the property of reacting with cytochrome c and can still catalyse the oxidation of succinate by methylene blue, are hardly affected by this inhibitor. Thus such a preparation of Q0i = 100 has after 15 min. incubation at 39° C with 0-2 mg. of T.D.D. a Q0i = 91. Moreover, the addition of alcohol treated to untreated preparation protects the latter to a very great extent from inhibition (figure 8).
Inhibitory effects very similar to the above have been obtained with several other substances such a s : (a) the oxidation product of potassium ethyl xanthate, ( b) sodium tetrathionate and (c) potassium pers (a)Potassium ethyl xanthate, like diethyldithiocarbamate, undergoes oxidation in presence of cytochrome oxidase and cytochrome c. In a con centration of 10-3 m , after being shaken 20 min. with the enzyme prepara tion and c in absence of succinate, it produced an almost complete inhibi tion of succinic dehydrogenase.
A pure sample of the oxidation product (EtO.CSS.SSC.OEt) was pre pared in the following way:
* A sam ple of th is com pound in a crystalline sta te was kindly given to us by D r B. C. Saunders.
A 10 % aqueous solution of potassium eth y l x a n th a te is tre a te d w ith a sa tu ra te d alcoholic solution of iodine added in slight excess. The oil so form ed solidifies a t 0°, is w ashed w ith w ater an d rap id ly pressed betw een filter papers. A sa tu ra te d solution of this p ro d u ct in 50 % alcohol a t 25° C is k e p t a t 0° C for one week. The oxidation p ro duct diethoxydithiocarbonyldisulphide (E tO .C S S .S S C .O E t), w hich gradually crystallizes o u t as slender colourless needles, is rap id ly w ashed w ith cold 50 % alcohol and dried in a desiccator; m .p. 30° C.
This compound was found to have a very strong inhibitory effect on succinic dehydrogenase both in presence of cytochrome c and of methylene blue. Thus 10~3 m of this substance completely abolishes the activity of the dehydrogenase while it does not affect the cytochrome system. (6) Sodium tetrathionate (NaO-S 0 2.S-S .S 0 2-ONa) the oxidation product of sodium thiosulphate in a concentration of 10~4 m inhibits the activity of succinic dehydrogenase by 90%. Here again, the inhibition takes place only after 10-20 min. incubation of the enzyme with the in hibitor in absence of substrate.
(c) Potassium persulphate (KO-S 02. 0 -O . S 0 2-OK) in a concentration of ] 0~4 m inhibits almost completely the activity of succinic dehydrogenase. It has a strong inhibitory action even in 10~5 m solution. The inhibition of succinic dehydrogenase by these substances is probably very similar to that produced by oxidized glutathione (GSSG) as was recently shown by Hopkins and Morgan (1938) . Their results have been confirmed by Hopkins, Morgan and Lutwak-Mann (1938) for the same enzyme and by Rapkine (1938) for the enzyme catalysing the oxido-reduction between triose phosphate and pyruvate. According to these workers the mechanism of this inhibition consists in the oxidation by GSSG of -SH groups which are present in the enzyme and which are essential for its normal activity. This interpretation is strongly supported by their other findings, namely, (1) that the enzyme inhibited in this way recovers its activity on incubation with an excess of GSH or of cysteine, (2) that the enzyme can be inactivated also by other substances which react with SH groups such as alloxan, maleic and iodoacetic acids and (3) that malonic, succinic and fumaric acids protect succinic dehydrogenase from the inhi bitory effect of GSSG.
The inhibition of succinic dehydrogenase by the substances examined in this chapter is probably of the same nature and may therefore be also explained by their ability to oxidize the -SH groups of the enzyme. On the other hand, these substances have another property in common, namely that their general molecular configuration is analogous to that of pyrophosphate which is considered to act as a competitive inhibitor by virtue of a molecular configuration which permits it to occupy the same active groupings in the dehydrogenase as succinic acid (Leloir and Dixon 1937) . The very low concentration at which these substances exert a strong inhibitory effect indicates that their peculiar structure makes them easily accessible to the same groups of the enzyme which react with the substrate.
It is also possible that the inhibition by these substances is favoured by the very low concentration in our preparations of denatured proteins with unmasked -SH groups. In fact alcohol treated preparations rich in de natured proteins are not only unaffected by these inhibitors but protect the untreated preparations from the usual inhibition (figure 8).
The fact that the integrity of -SH groups seems to be an essential con dition for the normal activity of succinic dehydrogenase indicates that these groups do not undergo reversible oxidation during the catalytic oxidation of succinic acid. In other words, the -S-S-groups, when formed, cannot act as hydrogen acceptors or carriers in the dehydrogenating mechanism of the substrate molecules. It therefore appears that -SH groups of this enzyme may only act as links between the enzyme and the substrate molecules and not as prosthetic groups taking part in the hydrogen transfer from the substrate to other components of the succinic dehydrogenase-cytochrome system.
(3) Effect of coenzyme I
The diphospliopyridine nucleotide in small concentrations (0-5 x 10~5-2-5 x 10-5 m ) strongly inhibits the oxidation of succinate by th e heart muscle preparation,* while it has no effect on the oxidase-cytoclirome system. At first sight it appears as if coenzyme inactivates the succinic dehydrogenase by combining with some of its active groups. Further study of this inhibition did not, however, confirm this view but revealed an en tirely different mechanism of this phenomenon which can be summarized as follows. The fumaric acid formed as the product of oxidation of succinic acid gives rise under the action of fumarase to malic acid which in presence of coenzyme added to the preparation undergoes a partial oxidation to oxalacetic acid. The latter, not being reduced or decarboxylated, acts as a very strong competitive inhibitor of succinic dehydrogenase (cf. p. 295). This interpretation is supported by the following experimental results:
(а) The inhibition as shown in figure 9 does not take place a t once but develops gradually during the experiment. This lag period is required for the formation of a small amount of oxalacetic acid from the malic acid.
(б) Long preliminary incubation of the enzyme preparation with co enzyme in the absence of substrate does not shorten this lag period.
(c) Addition of small amounts of fumaric or malic acids reduces or abolishes completely this lag period (figure 10).
(d) In this respect, while /-malic show's a clear effect, d-malic acid, the oxidation of which is not catalysed by malic dehydrogenase, hardly affects the inhibition of the succinic system.by coenzyme.
(e) H eart muscle preparations in which the activity of fumarase is abolished are no longer sensitive to coenzyme.
(/) Enzyme preparations obtained from tissues which, like brain, are capable of decarboxylating oxalacetic acid are not affected by coenzyme. Such preparations also protect heart tissue from the inhibitory effect of coenzyme.
* The inhibition of th e succinic system by cozym ase was previously noticed by P o tte r (1939). A d istin ct effect was o btained by him only w ith very high concentra tions of cozymase varying from 400 to 1600/^g. per m anom etric experim ent. H e has failed, however, to explain th e m echanism of th is inhibition and m entions th a t 6 it cannot be sta te d a t present which com ponent of th is system is inhibited by cozym ase'. (g) Muscle preparation is also protected from this inhibition by glutaminic acid which combines with oxalacetic acid (figure 11).
(h) Coenzyme 2 which does not promote the oxidation of malic acid has a much less marked effect than coenzyme I.
These points clearly show th a t the inhibitory effect of coenzyme is not due to its reaction with any one of the components of the succinic system but to the formation of oxalacetic acid which is promoted by coenzyme and which acts as a strong competitive inhibitor of succinic dehydrogenase. m in u te s F ig u r e 11. E ffect of cZZ-glutaminic acid (0 0 2 m ) on th e coenzym e (2-5 x 10~5 m ) inhibition of succinic system of h e a rt m uscle p reparation.
(4) Effect of pyocyanine
The oxidation of succinic acid is strongly inhibited by pyocyanine (figure 12) but this inhibition shows the following peculiarities.
(1) Pyocyanine in low concentrations, which strongly inhibits the activity of the complete succinic cytochrome system, has no effect on the oxidation of succinic acid through methylene blue.
(2) The addition of cyanide (lO-1 m ) to the system inhibited by a higher concentration (1-5 x 10~3 m ) of pyocyanine partly abolishes this inhibition and brings the activity of the system to the level of methylene blue. These results show th a t the inhibitory effect of pyocyanine, unlike th at of coenzyme, is not due to the formation of oxalacetic acid but to a direct action of pyocyanine on succinic dehydrogenase. The inhibition by pyo cyanine is probably due to its ketonic character. The fact th a t it functions in presence of KCN is in accord with the known lack of reactivity of its carbonyl group. X II. Summary and conclusions 1. The aerobic oxidation of succinic acid by tissue or by cell-free colloidal tissue preparations requires the co-operation of succinic de hydrogenase with the complete cytochrome system.
2. The catalytic activity expressed as the turnover number of cyto chrome c in this system reaches a value of about 1420.
3. The non-autoxidizability of cytochrome components is a property intimately connected with their catalytic activity. In fact, when cyto chrome c becomes autoxidizable it loses completely its catalytic activity both in the system catalysing the oxidation of succinic acid as well as in the system oxidizing p-phenylenediamine.
4. In tissue preparations oxidizing succinic acid the cytochrome system can be replaced by methylene blue the efficiency of which is, however, much lower than th a t of cytochrome.
5. Every preparation, which in presence of succinic acid reacts with cytochrome c, will also react with methylene blue. The reverse, however, is not true and preparations can be obtained which reduce methylene blue but not cytochrome c.
6. In some of these preparations both portions of the system: cyto chrome-oxidase and succinic dehydrogenase are active independently and yet do not interact to form the complete system catalysing the aerobic oxidation of succinic acid.
7. These results suggest th a t either (a) the succinic dehydrogenase system reduces cytochrome c not directly but through an intermediary labile link such as cytochrome 6 or a hitherto unrecognized component of the system, or (6) the succinic system in such preparations has lost its accessibility to cytochrome c while it remains still accessible to the smaller and more diffusible molecules of methylene blue.
8. The aerobic oxidation of succinic acid by tissue preparations in pre sence of c is strongly inhibited by sodium diethyldithiocarbamate. This inhibition was found, however, to be caused not directly by this compound but by the tetraethyldithiocarbamyldisulphide (C2H5)2NCS. SS. SCN(C2H5)2 (T.D.D.) derived from the former by an oxidation catalysed by the oxidasecytochrome system. T.D.D. in concentrations of 5 x 10-6 and 2 x 10~5 m inhibits the activity of the succinic system by 70 and 100% respectively. Similar inhibitions are obtained with tetrathionate, persulphate and the oxidation product of potassium ethyl xanthate.
9. The inhibitory effect produced by these substances is probably analogous to th a t of oxidized glutathione and due to the oxidation of -SH groups of the enzyme the integrity of which seems to be essential for the normal activity of the enzyme (Hopkins, Morgan and Lutwak-Mann I938)-10. The -SH groups of succinic dehydrogenase cannot therefore be considered as its prosthetic groups taking p art in the hydrogen transfer from the substrate to other components of the system. They may act, however, as links uniting the substrate with the enzyme.
11. Coenzyme I in a very low concentration (05 x 10_5-2-5 x 10~5 m) strongly inhibits the oxidation of succinic acid. This inhibition is due to the formation, in presence of coenzyme, of a small amount of oxalacetic acid which acts as a very strong competitive inhibitor of succinic dehydrogenase.
12. Pyocyanine in a low concentration (10-3 m) strongly inhibits the activity of the succinic system.
13. The succinic dehydrogenase-cytochrome system even in the cell-free colloidal preparations behaves as a true respiratory system of the cell, showing a high catalytic activity and being affected by all inhibitors in the same way and to the same degree as the normal respiration of intact cells. The efficiency of the system depends, however, not only on the integrity of its components but also on th a t of the colloidal structure which supports them and assures their m utual accessibility.
